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COEFFICIENTS AND FRICTION FACTORS FOR AIR FLOWING IN AN
INCONEL TUBE

By Wearren H. Lowdermllk and Milton D. Grele

SUMMARY

A hest-transfer investigation, which is an exbtension of two
previously reported NACA investigations, was oconducted with air
flowing through an electrically heated Inconel tube having an
inside diemeter of 0.402 inch, & length of 24 inches, and having
elther a long-approach or a right-angle-edge entrance. The range
of conditions included Reynolds mumbers from 1000 to 375,000,
aversge inside-tube-wall temperatures from 660° to 20000 R, and
heat-flux densities up to 120,000 Btu per hour per square foot,

The conventionel method of correlating heat-transfer data
wherein properties of alr were evaluated at the average bulk
temperature resulted in e decrease in heat-transfer parameter for
an lncrease In inside~tube-wall temperature &t constant Reynolds
nurber. Good correlation of the heat-transfer data for the entire
range of temperatures Investigeted was obtalned when the Reynolds
number was modified by substituting the product of air density
evalnated at the average inside~tube-wall temperature and the
veloclty evaluated at the average bulk temperature for the con-
ventional mess flow per unit cross-sectional area. The other
physical properties of the alr were evaluated at the inside-
tube~wall temperature. These flndings substentiste the work
previously done.

The conventional method of plotting friction factors, cal-
culated from & dynamic pressure based on an average alr density
sgainst Reynolds number, resulted in a considerable spread of the
date with temperature level. A failr correlation of the frictlon
date was obtained when the friction factcrs were caloulated from
e dynemic pressure based on a fllm density and plotted ageinst
the modlfied surface Reynolde number. )
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Chenging the entrance sectlon had a negligible effect on the
average heat~transfer coefflcients and friction factors over the
range of conditions investigeated.

TINTRODUCTION

An experimental investigation has been instituted at the
NACA Lewis laboratory to obtain surface-to-fluid heat-transfer
and sssoclated pressure-drop informetion over a wide range of
inglde~tube-wall temperatures and hest-flux densities.

As part of this genersel program, an investigation is belng
conducted with air flowing through an electrically heated Inconel
‘tube having various entrance configurations, an inside diameter
of 0.402 inch, and an effective heat-transfer length of 24 inches
to obtaln heat-transfer and friction data., The results of investl-
gations conducted with a rounded entrance to this tube over ranges
of Reynolds numbers from 7000 to 500,000, aversge inside~-tube-wall
temperatures from 605° to 2050° R, heat-flux densitles up to
150,000 Btu per hour per sgquere foot, and tube-exit Mach numbers
up to 1.0 are reported in references 1 and 2.

In order to ascertaln further the validity of the modified
correletion presented in references 1 and 2 and to determine the
effects of entrance configuration on over-all heat-transfer
coefficients and friction factors, an investigetion was conducted
with two other types of entrance to the heater tube, a long-approach
and & right-angle-edge section for approximetely the seme conditioms
in the turbulent range of Reynolds number as the round entrance.
Regults of this investigation are presented herein and are compared
with those of references 1 and 2.

APPARATUS AND PROCEDURE
The experimental setup is essentially the same as described
in detail in reference 1. For convenience, however, the apperatus
is briefly reviewed.
Arrangement of Apparetus
A schematic disgram of the heater tube and assoclated eguip-

ment i1s shown in figure 1. Compressed air is supplled through a
pressure-regulating valve and a cleaner to & surge tank. From the
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surge tank, the alr flows through a second pressure-regulating
valve into a preheater and then through a metering orifice and &
bank of rotameters. From the rotameters the air flows into a
calming tank, through the heater tube, and into a mixing tank
from which it 1s discharged to the atmosphere.

Electric power 1s supplied to the heater tube from & 208-volt
60-cycle supply line through an autotransformer and a 14:1 power
trensformer. The low-voltege leads of the power transformer are
connected to the heater-tube flanges by copper cebles. The
capacity of the electric equipment is 15 kilovolt-amperes.

Heeter Tube

The Inconel tube, which is shown in figure 2, has an insgide
diameter of 0,402 inch and a wall thickness of 0.049 inch, Steel
flanges welded to the tube at each end provide electrical contact
with the itransformer leads from the power supply. The tube acts
as & heating element and the dlstance between the outer face of
the steel flanges, which for this investigation is 24 inches, is
taken asg the effective heat~transfer length., The heater tube is
thermelly insulated.

Statlc-pressure taps are located at 11 stations slong the
length of the tube (flg. 2). Oubslde-tube-wall temperatures are
measured at 30 locations by chromel-alumel thermocouples (two
thermocouples located 180° apert at each of 15 stations) and a
gself~balancing indicating-type potentiometer.

Investigatlions were made with two types of heater~tube
entrance, a long-approach entrance having e length of 24 inches
and & right-angle-edge entrance. (See fig. 3.) Both types of
entrance have sn inside diameter equal to that of the heater tube
(0.402 in.).

Range of Conditions

Heat~transfer and assoclated pressure-drop data were obtained
with both the long-approach entrance and the right-angle-edge
entrance over a range of Reynolds numbers from 1000 to 375,000,
average inside~tube-wall temperatures from 660° to 2000° R, and
heat-flux densities up to 120,000 Btu per hour per square foot of
heat~transfer area.
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SYMBOLS

The followling symbols are used in this reporb:
cross-seotion;l area, (sq ft)

specific heat of air at constent pressure, (Btu/(1b)(°F))
inside diameter of heater tube, k%ﬁ)

average friction factor

average bulk friction factor

modified film friction factor

modifled surface friction factor

mass flow per unit cross-sectional area, (1b/(br)(sq £t))
acceleration due o gravity, 4.17x108 (ft/nr?)

everage heat-transfer coefficient, (Btu/(hr)(sq £t) (°F))
thermal conductivity of air, (Btu/(hr)(sq £t)(°F/ft))
effective heat-transfer length of heater tube, (ft)

stetic pressure, (1b/sq absolyte)

over-all static-pressure drop across heater tube, (1b/sq ft)
friction static-pressure drop across heater tube, (1v/sq £%)
gas constant for air, 53,35 (£t-1b/(1b) (°F))
heat-transfer area of heater tube, 0.211 (sq ft)

total temperature, (°R)

average bulk tempersture equal to average of entrance and
exlt total temperatures, (CR) -

average film temperature equal to half the sum of average
bulk and average inside-tube-wall temperatures, (°R)

‘average inside-tube-wall tempersture, (°R)
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Subscripts:
1

2

static temperature, (°R)

velocity, (ft/hr)

air flow, (1b/hr)

absolute viscosity of air, (1b/(hr)(ft))
density of alr, (1b/eu £t)

average density of ailr, (ib/cu ft)
Prandtl nuwmber

Reynolds number

modified film Reynolds number

" modified surface Reynolds number

Nusselt nunber

modified Stanton number

heater-tube entrance
heater-tube exit

bulk (when applied to properties, indicates evaluation
at average bulk temperature)

f11lm (when applied to properties, indicates evaluation
at average film temperature)

surface (when applied to properties, indicates evalu-
ation at average inside-tube-wall temperature)
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RESULTS AND DISCUSSION
Heat Balance

The heat balance 1s shown in figure 4 where the ratio of the
electric heat input minus heat loss to the heat transfer to air,
ag measured by weight flow and temperature rise, 1s plotted ageinst
the heat transfer to the alr. The hest loss was found in the same
menner ag reported In reference 1. The heat balance is good except
for some cases at low air-flowv rates and corresponding low rates
of heat trensfer, where a declded difference was obtalned between
the measured values of the enthelpy increase of the alr and the
electric heat input minus the losses.

The air-flow and temperature-rise measurements were believed
to be somewhat more dependable then the electricel measurements
(particularly the heat-loss meesurements) at low flow rates;
therefore the heat-~transfer coefficient 1s calculated herein from
the flow rate and the temperature rise of the alr.

Correlation of Eeat-Transfer Coefficlents

The method of calculating the heat~transfer coefflcient is
the seme as that given in references 1 and 2; the principal parts,
however, are repeated.

The average heat-transfer coefficient h was computed from
the experimental date by the relation

- s'itvs = Tp)

The bulk tempereture of the alr T, was taken as the
arithmetic mean of the total temperatures at the entrance T,
and the exit T, of the heater tube. The average Iinside-tube-
wall temperature T, was teken a8 an integrated average of the

local outside=-btube-wall temperatures minus the temperature drop
through the wall, '

Conventional correlation. -~ The average heat-transfer coef-
ficients are plotted in the conventional manner in figure S for
the dete obtained with the long-apprdech entrance, where Nusselt
number dlvided by Prandtl number ralsed to the 0.4 power
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(6D/15,)/ (0p b/l °** 18 plotted against Reynolds mumber
DG/ub. Included for comparison is the average line (dashed)

obtained by McAdems from correlation of the data of various
investigations (reference 3). Also tabulated in figure 5 are the
average values of T, and Ts/Tb for the range of Reynolds

numbers covered at each temperature level. The physical proper-
ties of alr are based on bulk temperabture. All physical proper=-
ties used herein are obtalned from reference 4.

A family of parellel lines having a slope of sabout 0.8 is
obbained for the different temperature levels above a Reynolds
number of gbout 10,000. The low-tempersture date are in falr
agreement with the reference line; however, as the temperature
level ls ralsed the data fall progressively below the reference
line. Simllar results for the round entrance were found in
references 1 and 2.

The data for the right-angle-edge entrance gave similar
results and are therefore not presented herein.

Correlation baged on modlfied surface Reynolds number, =-
Average heat~transfer coefflcients are correlated in figure 6
according to the method presented in references 1 and 2; that is,
Nusselt mumber divided by Prandtl number to the 0.4 power is
plotted agalinst a Reynolds number that has been modified by sub-
stituting the product of density evaluated at the average Inside-
tube~wall temperature pg and alr velocity evaluated at the

average bulk temperature AN for the conventional msss flow per

unit cross=-sectional area G. The properties of the air appear-
ing in the various parameters are evaluated at the average inside-
tube-wall temperature Tg. Included for comparison 1is the curve

obtained with the round-entrance data (reference 2).

The use of the modifiled surface Reynolds number results in a
good correlation of the data over the range of conditions investi=-
gated. The data are best represented by the line previously
obtained with the round entrance (reference 2).

Data for the right-angle=-edge entrance in figure 7 are
correlated in the same manner as in figure 6 using the modified
surface Reynolds number. The curve shown ls from reference 2
for the round-entrance data and from flgure 6 herein for the long-
approach data. The data are in good agreement with the round-
entrance and long-approach data.
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The data for round, long-approach, and right-angle-edge
entrances for Reynolds numbers above ebout 10,000 can be
represented by the equetion

0.8 0.4
PuV- c .
W _ o oz (P8VED Cp,sts
kg g L

When the heat-transfer coefflclents are computed using the
electric heat input minue the heat logs rather than the heat
transfer to air (as measured by weight flow and temperature rise)
and are correlated in the same menner as in figure 6, the data
can be represented by a single stralght line down to & Reynolds
mumber of 1000. This line is Just slightly higher than the one
shown 1in figure 8, but the data have the same relebive scatter.
As previously stated, however, the data using ch(Tz -Tq) is

believed to be more religble becausge of the uncertainty of electrical
end heat-logs measurements at the low flow rates. In the turbulent
renge of Reynolds numbers for which the apparatus was desligned, the
difference 1n the method of evalustling heat~transfer ccefflclents

is insignificant.

Correlation based on modified surface Reynolds number neglect-
ing Prandtl number. - A plot of Nusselt number uD/ky against the
modlfled surface Reynolds number pBV3D/usJ for the long-approach
data 1 glven in flgure 8. The propertlies of alr In the various
parameters are evaluated at the average inside-tube-wall temper-
ature, The plot is the same as figure 6, except that the Prandtl
number has been omitted. Included for comparison is the curve
obtained with the round-entrance data (reference 2). The cmission
of Prendtl number has a negligible effect on the correlation; this
effect is expected because Prandtl number varles only slightly with
temperature. The right-angle-edge date, not included herein, show
gimllar trends. The long=-approach and right-angle-edge date above
e modified surface Reynolds number of 10,000 can be represented by
‘ the following equatlon:

0.8
p.V *
W . o0.019 (5 bD)

kg g

Correlation based on modifled fllm Reynolds number. - The data
for the long-epproach entrance are replotted in figure 9 In a manner
similar to that of figure 6, except that a modifiled film Reynolds
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number is used and the air properties in the various parsmeters
are evaluated at the average film temperature Tf. Nusselt mmber

divided by Prandtl number to the 0.4 power (h:D/kf)/(cp fuf/kf)o‘4
2
1s plotted agalnst the modified f£ilm Reynolds number prbD/p.f.

The modified film Reynolds number is obtained from the
conventlonal Reynolds number DG/p.,-b by the relstion

- ORE

Comparison of figures 6 and 9 indicates that better corre-
lation of the data i1s obteined by using Ts rather then Tf

in'the evaluatlion of Reynolds mumber and alr properties. For
exemple, the use of Ty results in a 15-percent decrease in the
Nusselt mumber/Prandtl muberQ+4 for an incresse in Tsfrb from

1.19 to 2.27 as compared with no noticeable trend with the use of
Tg. Similer results were obtained with the right-angle-edge

entrance.

Correlastion of Friction Factors

The method of calculating the friction factors 1ls essentially
the same as described in reference 2. The important details and
the pertinent equations are, however, repested for convenience.

Average frictlion factors were calculated from the experimental
pressure-drop data as follows: The friction pressure drop was
first obtalned by subtracting the calculated momentum pressure drop
from the measured drop in static pressure ascross the tube, thus

t, &
W w8 R/ 2
A = A - - (Vo = V. = A - - - (R R
Per =02t g (T2 -T) =t <A>Z8<Pz P1>

An average frictlon factor fb was then caloulated from the
friction pressure drop by the use of the conventional relstion

£ A"pf‘::'
b 4 L pa.vv'bz
D 28
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where the average density was taken as

o.. = L{PL* T2
av R G

Frictlon factors wlth no heat addltion. - The average bulk
half-friction factor fb/E is plotted againgt the Reynolds
number DG/i, for the condition of no heat addition in Ffigure 10

for both entrances. Igothermal half-friction factors for a round
entrance are alsoc shown. Included for comparison is the curve
(solid) representing the Kdrmidn-Nikuradse relation between friction
factor and Reynolds number, which is

1 e [ f
-2 10310(_;1_“'8 E)' 0.8

£
8 2

and the line (dashed) representing the equation for laminar flow
in ciroular tubes, which is

OfHy

8
DG/

In the two foregoing equations, the values of Reynolds number and
friction factor correspond to the abscissa and ordinate, respectively,
in figure 10 and succeedling figures.

Good. agreement with the Kérmdn-Nikuredse relstion is obtained
with all three entrance sections in the turbulent-~flow range of
Reynolds numbers.

Conventionsl correlation with heat addition. - The average
bulk half-friction factor fy/2 1s plotted against Reynolds

number DG/iy, in figure 11 under conditions of heat addition

with the long-approach entrance. Data for no heat addltion and
the KArmén-Nikursdse and laminsr-flow lines are included for
comperison. The date corresponding to low values of Ts/Tb agree

feirly well with that for no heat eddition. As Tgy/Ty, is inoreased,
however, f£,/2 1s inoreased in the low Reynolds number region and

1339 -
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decreased in the high Reynolde number region. Similer effects
were obtained with the right-angle-edge entrance, as well as the
round entrance (reference 2).

Correlation based on modiflied surface Reynolds pumber. - The
modified surface half-friction factor celoulated from & dynamic
pressure based on alr density evaluated at the average inside-
tube-wall tempersture f /2 is plotted sgainst the modified

suriace Reynolds number pSVZbD/us in figure 12 for the long-

approach entrance. Data for no heat addition and the Kérmén-
Nikuradse and laminar-flow lines are included for comparison.
The relation between f end f,, 1s

£ g f
S=—_—_
T+ Ty b

The correlation results in an overcorrection of the tempera-
ture effect shown in figure 11. Similar results were obtained
with the round-entrance (reference 2) and the right-angle-edge
deta.

Correlation based on modified surface Reynolds mumber and
average film tempersture. - The modified £ilm hsif-friction
factor calculated from a dynamic pressure based on air density
evaluated at the average film btemperasture ff/Z is plotted against

the modified surface Reynolds number pBV5D/p5 in flgures 13 and

14 for the long-approach and the right-angle-edge entrances,
regspectively. The reletion bebween the modified film friction
factor ff and the aversge bulk friction factor fb is

ff=__2T£__f

The isothermal datas, as well as the Kérmén-Nikursdse and laminar-
flow lines, are included.

The data for the long-approach entrance (fig. 13) show fair
agreement with the Kermin-Nikuradse line in the range of turbulent
Reynolds numbers. At low Reynolds numbers, the data have about
the same slope as the reference line for leminar flow, but are
displaced in the direction of higher Reynolde numbers.
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‘The correlation for the right-angle-edge date also agrees
fairly well with the Kédrmdn-Nikuradse line, as shown in figure 14.
When friotion factors for the round-entrance dats (reference 2)
are caloulated from a dynamic pressure based on densiby at the film
rether then the surface temperabture, similar trends are obtalned.

Comperison of Friction and HeatJTransfer Date,

The experimental friction and heat-transfer data points for
the long-epproach entrance are campared in figure 15. The modified
film half-friction fector £ /2 for the friction data and the

product of & -modified Stanton number and Prandtl number to the

0.6
h Cp,sts
0.6 power for the heat-transfer data

Cp,sPs"b kg

are plotted against the modified surface Reynolds mumber pV,D/p,.

The figure indicates that both the friction and heat-transfer data
can be represented failrly well by a single line for modified
Reynolds 'mumbers sbove about 10,000. Simlilsr results are obtained
with the right-angle-edge entrance.

SUMMARY OF RESULTS

The results of a heabt-transfer investigatlion conducted with
alr flowing through an electrically heated Inconel tube with either
a long-approach or a right-angle-edge entrance, an inside diameter
of 0.402 inch, and a length of 24 inches over & range of Reynolds
numbers from lOOO to 375,000, average inside-tube~wall temperatures
from 660° to 2000° R, and heam-flux densities up to 120,000 Btu per
hour per squere foot showed that:

1. The followlng results substantiate the findlngs of
previous investigations with a round-entrance tube:

a. Correlation of the average heat-transfer coefficlents
according to the familiar Nusselt relation, wherein physicel prop-
ertles were evaluated at the average bulk temperature, resulted in
a progressive separation of the date with inoreased inside-tube-
wall temperature.

b. A good correlsbion of the heat-transfer date for the
entire renge of temperatures was obtained when a modified surface
Reynolds mumber wes used and the air propertles were evaluated at

1339
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the inside-tube-wall temperature. The date for the long-approeach,
right-angle-edge, and round entrance cen be represented by the
seme line,

¢. Friotion factors calculeted from 2 dynamic pressure
based on an average alr density were considerably affected by tem-
perature when plotted against Reynolds number. As the temperature
level was increased, the friction factors increased in the low
Reynolds number region and decreased in the high Reynolds number
reglon.

2. A falr correlation of the friction date was obtained
when the average friction factors were celculated from a dynamic
pressure based on a film density and plotted against the modified
surface Reynolds number.

3. A comparison indicated ‘that both the friction dsata
evaluated at the film temperature and the heat-transfer data
evaluated at the inside~tube-wall temperature can be représented
fairly well by a single line for modified surface Reynolds numbers
above about 10,000, '

4. The use of different entrances to the heater tube (long
approach and right-angle edge) had a negligible effect on the
heat-transfer and friction date, over the range of conditions
investigated, when compared with results of the round-entrance
data.

Lewis Flight Prop.tls:ion Leboratory,
National Advisory Committee for Aeronsutics,
Cleveland, Ohio.
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